Brain insults such as the autoimmune inflammatory process in multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE) induce a measure of neurogenesis, but its regenerative therapeutic consequence is limited, because it fails to regenerate functional neurons and compensate the damage. Here, we investigated whether peripheral immunomodulatory treatment for MS/EAE, glatiramer acetate (GA), can enhance neurogenesis and generate neuroprotection in the CNS of EAE-inflicted mice. EAE was induced by myelin oligodendrocyte glycoprotein peptide, either in yellow fluorescent protein (YFP) 2.2 transgenic mice, which selectively express YFP on their neuronal population, or in C57BL/6 mice. The in situ effect of GA was studied in various brain regions; neuroprotection and neurogeneration were evaluated and quantified by measuring the expression of different neuronal antigens and in vivo proliferation markers. The results demonstrated that in EAE-inflicted mice, neuroproliferation was initially elevated after disease appearance but subsequently declined below that of naive mice. In contrast, GA treatment in various stages of the disease led to sustained reduction in the neuronal/axonal damage typical to the neurodegenerative disease course. Moreover, three processes characteristic of neurogenesis, namely cell proliferation, migration, and differentiation, were augmented and extended by GA treatment in EAE mice compared with EAE-untreated mice and naive controls. The newborn neuroprogenitors manifested massive migration through exciting and dormant migration pathways, into injury sites in brain regions, which do not normally undergo neurogenesis, and differentiated to mature neuronal phenotype. This suggests a direct linkage between immunomodulation, neurogenesis, and an in situ therapeutic consequence in the CNS.
Introduction
Current opinions concur that neurogenesis persists in the adult brain, where it may contribute to repair and recovery after injury. Brain insults such as cerebral ischemia , apoptosis (Magavi et al., 2000) , or autoimmune inflammatory demyelination (Picard-Riera et al., 2002) enhance neurogenesis. Hence, multipotent cells located in the hippocampus hilus and the subventricular zone (SVZ) of the lateral ventricle manifest increased proliferation and migration in pathological situations. Moreover, progenitor cells from the SVZ that migrate through the rostral migratory stream (RMS) to the olfactory bulb (OB) can be triggered to differentiate into astrocytes and neurons (Picard-Riera et al., 2004) . Nevertheless, the therapeutic significance of selfneurogenesis in CNS pathology is limited, because it fails to regenerate functional neurons that compensate the damage.
In multiple sclerosis (MS) and its animal model experimental autoimmune encephalomyelitis (EAE), the immune system provokes the detrimental process via autoimmune inflammatory mechanisms (Hellings et al., 2002; Behi et al., 2005) . Still, neuronal and axonal degeneration, initiated at disease onset and revealed when compensatory CNS resources are exhausted, are the major determinants of the irreversible neurological disability (Bjartmar et al., 2003) , particularly in the myelin oligodendrocyte glycoprotein (MOG)-induced model (Hobom et al., 2004) . Current treatments for MS are effective in ameliorating the immune inflammatory process, but their ability to enhance the intrinsic CNS repair mechanism and to induce effective neuroprotection and neurogenesis has not been shown.
Glatiramer acetate (GA), an approved drug for MS treatment, exerts a marked suppressive effect on EAE induced by various encephalitogens in several species . The immunomodulatory effect of GA was attributed to its ability to induce Th2/3 cells, which secrete high levels of antiinflammatory cytokines (Aharoni et al., 1998; Duda et al., 2000) . These cells cross the blood-brain barrier (BBB), accumulate in the CNS (Aharoni et al., 2000 (Aharoni et al., , 2002 , and express in situ interleukin 10 (IL-10), transforming growth factor-␤ (TGF-␤), and brain derived neurotrophic factor (BDNF) . Furthermore, the GA-specific cells induce the bystander effect on neighboring CNS cells to express these beneficial factors and reduce interferon-␥ expression. A key issue in the capability of GA to counteract the pathological process is its effect on the neuronal system, which is the actual target of the pathological process.
The present study was intended to elucidate the effect of EAE induction on neurogenesis and differentiation toward the neural lineage. An additional goal was to investigate whether peripheral immunomodulatory treatment (GA injection in various stages of disease) has any effect on neurogenesis and neuroprotective processes. We report that in EAE mice, neuroproliferation was elevated after disease appearance but subsequently declined below that of naive mice. In contrast, GA treatment led to sustained reduction in the neuronal/axonal damage and augmented neuroprogenitor proliferation and mobilization. The newborn cells migrated into injury sites in brain regions, which do not normally undergo neurogenesis, and differentiated to mature neuronal phenotype, endorsing a direct linkage between immunomodulation, neurogenesis, and therapeutic consequence in the CNS.
Materials and Methods
Animals. C57BL/6 mice were purchased from Harlan (Jerusalem, Israel). Yellow fluorescent protein (YFP) 2.2 transgenic mice (originated from C57BL/6 and CBA hybrids), which selectively express YFP on their motor and sensory neuronal population (Feng et al., 2000) , were kindly provided by J. R. Sanes (Washington University, St. Louis, MO). Female mice, 8 -10 weeks of age, were used in all experiments.
EAE. Disease was induced by immunization with the peptide encompassing amino acids 35-55 of rat MOG synthesis (Sigma, St. Louis, MO). Mice were injected subcutaneously at the flank, with a 200 l emulsion containing 300 g of MOG in complete Freund's adjuvant and 500 g of heat-inactivated mycobacterium tuberculosis (Sigma). An identical booster was given at the other flank 1 week later. Pertussis toxin (Sigma), 300 g/mouse, was injected intravenously immediately after the first MOG injection and then 48 h later. Mice were examined daily. EAE was scored as follows: 0, no disease; 1, limp tail; 2, hindlimb paralysis; 3, paralysis of all four limbs; 4, moribund condition; 5, death.
Glatiramer acetate. GA (Copaxone, Copolymer 1) consists of acetate salts of synthetic polypeptides containing four amino acids: L-alanine, L-glutamate, L-lysine, and L-tyrosine. GA from batch 242990599, with an average molecular weight of 7300 kDa (Teva Pharmaceutical Industries, Petah Tiqva, Israel) was used throughout the study. GA treatment was applied by five to eight consecutive daily subcutaneous injections (2 mg/mouse) in different stages of disease [i.e., (1) starting immediately A, C57BL/6 and YFP2.2 mice. B, The effect of GA treatment in C57BL/6 mice treated by five to eight daily injections of GA in different stages of the disease [i.e., starting immediately after disease induction (prevention treatment), starting after the appearance of disease manifestations at day 20 (suppression treatment), or starting during the chronic phase 6 weeks after disease appearance (delayed suppression)]. The injection period of each treatment is illustrated along the x-axis. Six animals were tested in each treatment group. after EAE induction (prevention treatment), (2) starting after the appearance of disease manifestations at day 20 (suppression treatment), or (3) starting during the chronic phase 45 d after induction (delayed suppression)].
5-Bromo-2Ј-deoxyuridine. 5-Bromo-2Ј-deoxyuridine (BrdU) (Sigma), a thymidine analog incorporating into the DNA of dividing cells, was injected intraperitoneally (50 mg/kg) either concurrently with GA treatment (once each day) or immediately after completion of GA injections (twice each day).
Perfusion. Animals were deeply anesthetized with Nembutal and perfused transcardially with 2.5% paraformaldehyde. Brains were removed, postfixed in 1% paraformaldehyde, and cryoprotected with 15% sucrose solution in PBS. Free-floating sections (16 m thick) were cut coronally or sagittally with a sliding microtome (Leica SM 2000r; Leica, Nussloch, Germany) through the entire brain and collected serially in PBS.
Immunohistochemistry. To detect BrdUincorporated cells, sections were denatured in 2 M HCl in PBS at 37°C for 30 min and then neutralized with 0.1 M borate buffer, pH 8.5, for 10 min at room temperature. To detect specific cell types, sections were preincubated in PBS solution containing 20% serum and 0.5% Triton X-100 for 1 h and then incubated overnight at room temperature with primary antibodies. The following primary antibodies were used: goat anti-Doublecortin (DCX) C-18 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-neuronal-specific nuclear protein (NeuN) (1:300; Chemicon, Temecula, CA), mouse anti-GFAP (1:100; PharMingen, San Jose, CA), rabbit anti-phospho-histone (1:200; Upstate Biotechnology, Charlottesville, VA), rat anti-BrdU (1:200; Harlan, Indianapolis, IN), rat anti-CD11b (1:50; PharMingen), and chicken anti-BDNF (1:50; Promega, Madison, WI). The second antibody step was performed by labeling with highly cross-absorbed cyanine 2 (Cy2)-or Cy3-conjugated antibodies to rat, mouse, rabbit, goat, or chicken (Jackson ImmunoResearch, West Grove, PA) to avoid cross-reactivity (1:200; 20 -40 min). Control slides were incubated with secondary antibody alone. In some cases, to enhance the signal, we used biotinylated secondary antibodies for 90 min, followed by Cy2-or Cy3-conjugated Streptavidin (Jackson ImmunoResearch). Sections were stained with Hoechst 33258 (Molecular Probes, Eugene, OR) for nuclear labeling. For detection of apoptosis, we used either rabbit anti-cleaved caspase-3 (1:75; Cell Signaling Technology, Beverly, MA) or terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay (Apoptag Fluorescein Detection kit; Intergen, Purchase, NY). In addition, we used Fluro-Jade B derivate (Chemicon), which specifically binds to degenerating neurons.
Microscopy. Stained sections were examined and photographed by a confocal microscope (Axiovert 100M; Zeiss, Oberkochen, Germany) or by a fluorescence microscope (E600; Nikon, Tokyo, Japan) equipped with Plan Fluor objectives connected to a CCD camera (DMX1200F; Nikon). Digital images were collected and analyzed using Image Proϩ software. Images were assembled using Adobe Photoshop (Adobe Systems, San Jose, CA).
Quantification. Neuronal progenitor cells were quantified by counting the BrdU ϩ cells (those with BrdU/DCX dual staining) and by counting DCX ϩ cells [in the subgranular zone (SGZ)] or by measuring the DCX-stained area (in the SVZ and RMS, where density did not permit counting of individual cells). Quantification was performed in coronal sections, in the SVZ starting at the level of the medial septum and 640 m backward, and in the hippocampal dentate gyrus (DG) (in both blades for BrdU/DCX or in the upper blade for DCX) through its septotemporal axis. Quantification in the RMS was done on sagittal sections starting at 1 mm from the median line of the brain and 640 m laterally. The results for each brain structure were averaged from eight unilateral levels per mouse (80 m apart, three to A, Correlation of the expression of the microglia and macrophage marker MAC-1 (red) with deterioration and injury of YFP-expressing fiber (green) in the white matter of the cerebellum. In box I, highly activated microglia cells are observed, accompanied by reduction in fiber density, whereas in the nearby area in box II, low MAC-1 expression and normal fiber appearance are present. B, The effect of GA on MAC-1 expression and on microglial cell morphology in various brain regions of EAE mice: striatum, thalamus (dorsal lateral geniculate nucleus), and hippocampus (granular and molecular layers). Increased MAC-1 staining and cell morphology typical for activated microglia were displayed in brains of EAE mice (insets). In contrast, MAC-1 expression in brains of EAEϩGA mice was reduced extensively, exhibiting cell morphology similar to that of unactivated microglia in naive mice. EAE was induced in YFP2.2 mice 35 d before perfusion. GA treatment was applied by eight daily injections, starting immediately after EAE induction. Representative figures of four to five mice in each group (sagittal sections). Scale bar: A, 500 m; B, 100 m in the striatum and thalamus, 50 m in the hippocampus.
four mice in each treatment group) and are expressed as change fold from naive controls. Quantification of BrdU/NeuN double-positive cells in the cortex was performed in areas of 0.15 mm 2 , selected at random (10 sections counted/ mouse; three mice in each treatment group).
Statistical analysis. For BrdU and DCX analysis, the mean Ϯ SEM (averaged from eight unilateral levels per mouse; three to four mice in each treatment group) was subjected to oneway ANOVA, followed by Fisher's least significant difference (LSD), at a comparison-wise error rate of 0.05, where appropriate. Because control values for BrdU incorporation were reduced as a function of time, results were expressed as change fold from naive controls injected concurrently with BrdU. The number of BrdU/NeuN double-positive cells in the cortex was averaged from 10 sections per mouse (three mice in each treatment group) and expressed as cells per cubic millimeter.
Results

Description of the experimental model
To study the manifestations of EAE as well as GA treatment in the CNS, we used the MOG 35-55 peptide-induced EAE model in two mice strains, the C57BL/6 susceptible strain and the YFP 2.2 transgenic mice, which selectively express YFP on their motor and sensory neuronal population and thus provide a simple tool to follow axonal/neuronal damage (Feng et al., 2000) . YFP 2.2 mice were susceptible to MOGinduced EAE similarly to C57BL/6 mice ( Fig. 1 A) . In both strains, EAE induction resulted in chronic (nonremitting) disease, starting on days 16 -20 (increasing in severity, reaching an average score of 3 by days 20 -24), and maintained in chronic phase, grade 2-2.5, until perfusion. GA treatment was applied by five to eight daily injections in different stages: (1) starting immediately after disease induction (prevention treatment), (2) starting after the appearance of disease manifestations at day 20 (suppression treatment), or 3) starting during the chronic phase, 45 d after induction (delayed suppression). GA ameliorated the clinical manifestations of EAE regardless of the stage in which it was administered ( Fig. 1 B) . The beneficial effect was stable over time and sustained until the mice were killed. The in situ manifestations in brains of EAE-inflicted mice (EAE mice) versus EAE-induced mice treated with GA (EAEϩGA) were studied compared with brains of naive mice (control).
Characterization of neurological damage
In YFP 2.2 mice, YFP was expressed mainly by axons and dendrites. Partial population in the cerebral cortex and the hippocampus expressed YFP in cell bodies as well. YFP expression in brain sections from mice that had suffered grade 2-4 EAE revealed multiple neuronal malformations manifested in axonal transection, sparse processes, and fiber deterioration (Fig. 2 A) . Multiple widespread lesions were frequently observed in various brain regions (Fig. 2 B) , indicative of considerable neuronal and axonal loss. An additional deformation in cell morphology in EAE mice was enlargement and swelling of neuronal cell body accompanied by margination of the nucleus as evident by distended hollow Hoechst-stained nuclei (Fig. 2C) . These defects did not result from abnormality of the transgenic strain, because similar phenomena were observed in EAE-induced C57BL/6 mice stained by the neuronal marker NeuN (data not shown). Staining with Fluoro-jade B, which binds to degenerating neurons, revealed positively stained cells in the cortex 25 d after disease induction, which is the peak of clinical manifestations (Fig. 2 D) . Yet, we could not see significant amount of apoptosis in the cortex and the striatum of both strains using either cleaved caspase-3 antibody or TUNEL assay, indicating that apoptotic mechanisms could not account for the damage extent in this model. Perivascular infiltrations of CD3-stained cells were found adjacent or inside aberrant regions, indicating the detrimental role of infiltrating T-cells (Fig. 2 A) (supplemental Fig. 1A ,B, available at www.jneurosci.org as supplemental material). In naive controls as well as in mice injected with GA but not induced with EAE, we did not find neuronal malformations or perivascular infiltrations (data not shown).
In brains of EAEϩGA mice (either prevention or suppression treatment), considerably less damage was detected than in brains of EAE mice, revealing a smaller amount of deteriorating fibers (Fig. 2 A) , reduced number and size of lesions (Fig. 2 B) , and less swollen cell nuclei (Fig. 2C) . The protective effect of GA was especially prominent when GA was applied as prevention treatment (after disease induction) and tested after 1 month, but a considerable reduction in neuronal damage was observed even when treatment started after disease appearance (as suppression treatment) and tested 10 -30 d later. A thin layer of YFP-positive fibers was frequently found over the lesions in the GA-treated animals ( Fig. 2 B) , suggesting surviving filaments or axonal sprouting in the damaged areas. T-cell infiltrations were found also in brains of GA-treated mice, yet in smaller amount, and their position was not associated with damage ( Fig. 2 A) (supplemental Fig. 1C , D, available at www.jneurosci.org as supplemental material).
Microglia activation
Immunostaining for MAC-1 (CD11b, expressed on macrophages and microglia and upregulated after their activation), is correlated with the extent of neuronal injury in EAE mice (shown in the cerebellum) (Fig. 3A) . Thus, in areas occupied with activated microglia, sparse fibers and axonal loss were generally evident (box I), whereas in adjacent areas of nonactivated microglia, neuronal structure seemed intact (box II). Perivascular infiltration of activated MAC-1 ϩ cells was found in injured areas, suggesting that peripherally originated macrophages were also involved in the pathological process. As shown in Figure 3B , the vast increase in MAC-1 staining intensity found in EAE mice was demonstrated in additional brain regions (e.g., striatum, thalamus, and hippocampus). MAC-1 ϩ cells in the brains of control mice had relatively small cell body and long branched processes indicative of resting microglia. In contrast, brains of EAE mice, manifested rounding cell body with increased size and numerous retracted short processes, indicative of highly activated microglia (Fig. 3, inset) . In brains of EAEϩGA mice, MAC-1 expression was significantly reduced, exhibiting a moderate extent of activation. Cell morphology of MAC-1 ϩ cells in GA-treated mice was similar to that of nonactivated microglia in naive mice (Fig. 3, inset) . This arrest of microglial activation in EAEϩGA mice was found at various times up to 30 d after termination of GA injections (supplemental Table 1 , available at www.jneurosci.org as supplemental material).
Proliferation of neuronal progenitor cells
To evaluate the generation and proliferation of neuronal progenitor cells following the pathological process of EAE as well as after GA treatment, we used two markers: the immature neuronal marker DCX (associated with migrating and differentiating neurons of fetal and adult brain) and BrdU (thymidine analog incorporating into DNA of dividing cells), which had been injected concurrently with GA treatment. Hence, DCX expression indicated the amount of new neurons generated 10 -14 d before the animal was killed, and the number of BrdU-incorporated cells (those with BrdU/DCX dual staining) indicated the number of neuroprogenitors emerging during the BrdU injection period. Neuroproliferation was studied in the neuroproliferative zones, the SVZ, as well as in the SGZ and granular cell layer (GCL) of the hippocampus. BrdU and DCX manifested overlapping patterns.
In the SVZ of EAE mice, neuroprogenitor proliferation was elevated after disease appearance (25 d after EAE induction; 1 d after the last BrdU injection) compared with the controls (Fig.  4 A, BI ). This was evident by a 2.1-fold and a 1.4-fold increase in BrdU and DCX expression, respectively (Fig. 4 D, SVZ, I , red columns). Still, 10 and 20 d later, there was no significant difference in BrdU and DCX expression between EAE mice and naive controls (Fig. 4 B, D, II, III) . Furthermore, in mice enduring disease for prolonged periods (35 and 60 d), proliferation manifested by BrdU incorporation was lower than that of controls, either when BrdU was injected concurrently with EAE induction and tested 1 month later (Fig. 4 D, first red column) or during the chronic stage before perfusion (D, last red column). GA treatment in EAE mice (administration schedules illustrated in Fig.  4 E) augmented neuronal proliferation in the SVZ compared with untreated EAE mice as well as to controls (Fig. 4 A, B) . This elevation reached statistical significance over control and EAE for both BrdU and DCX by the suppression treatment, 1 and 10 d after termination of GA injection (Fig. 4 D) . Delayed suppression treatment resulted in significant elevation over EAE but not control. In the prevention treatment, substantial elevation over EAE and , in the hippocampus, 78 Ϯ 12 -positive cells averaged from 10 naive mice. Statistical analysis was performed by ANOVA followed by Fisher's LSD when appropriate. The asterisk indicates a significant effect over naive control and a significant effect over EAE-untreated mice ( p Ͻ 0.05). E, Schedule of experiments: time length from EAE induction (day 0) until perfusion; GA injections as prevention (P), suppression (S), or delayed suppression (DS) treatments and BrdU inoculation, concurrently or immediately after GA treatment.
control was observed only for DCX (fourfold), although BrdU incorporation was indicative of significant elevation compared with EAE.
In the SGZ of the hippocampus, neuronal proliferation was elevated after disease appearance but subsequently declined below that of naive control (Fig. 4C,D , hippocampus, red columns). The effect of GA treatment in the hippocampus was similar to its effect in the SVZ, namely increased proliferation manifested by both BrdU incorporation and DCX expression that was not sustained after termination of the suppression treatments. Prevention as well as delayed suppression treatments resulted in higher neuroproliferation than in EAE mice, 1 month and 1 d after termination of GA/BrdU injection, respectively. Notably, in the hippocampus of EAE mice, and to a greater extent in EAEϩGA mice (Fig. 4C) , BrdU ϩ /DCX ϩ cells were found in the SGZ and in the adjacent GCL. The DCXexpressing cells manifested dense and branched dendritic trees with welldeveloped apical dendrites that crossed the inner molecular layer and extended into the outer molecular layer.
GA injection to naive mice (without EAE), either just before perfusion or 1 month earlier, did not result in significant elevation of BrdU or DCX expression in both the SVZ and the DG (Fig. 4 D, gray  columns) .
In brains of EAEϩGA mice, in the neuroproliferative zones, CD3-stained T-cells were observed, adjacent to or inside the SVZ as well as in the SGZ of the hippocampus (Fig. 5A-D) . T-cells could not be detected in the neuroproliferative zones of EAE untreated or naive mice (Fig. 5E ).
Migration of neuronal progenitor cells
To study the destiny of the induced progenitor cells, we first followed their mobilization into the route in which SVZ cells normally migrate in adult mice, the RMS (Fig. 6 A) . As depicted in a segment adjacent to the SVZ (Fig. 6 D) and in a more medial section (Fig. 6 E) , the amount of BrdU as well as DCX-labeled cells migrating along the RMS of EAE mice (25 d after disease induction, 1 d after the last BrdU injection) was elevated compared with naive controls. This was manifested by a 3.1-fold and 1.6-fold elevation in the number of BrdU ϩ /DCX ϩ cells and in the DCXstained area, respectively (Fig. 6 F, G, red  columns) . After GA treatment (on days 20 -25; suppression), the amount of neuronal progenitors in the RMS was even higher, exhibiting an extensive stream of BrdU/DCX-expressing cells (Fig. 6 B, D,E) . Thus, an increase of 7.8-fold and 2.6-fold in BrdU and DCX expression over control and 2.2-fold and 1.6-fold over EAE mice was obtained after GA treatment (Fig. 6 F, G, blue columns) . Notably, injection of GA alone also enhanced mobilization of progenitors into the RMS but to a lower extent (Fig. 6 F, G, gray  columns) .
Similar mobilization patterns of neuronal progenitors were found at a later time point (35 d after EAE induction, when GA treatment was given as prevention treatment; i.e., elevated DCX expression in the RMS of EAE vs control mice, and even more robust migration in EAEϩGA mice) (Fig. 6 H) . Interestingly, in one EAE mouse (of 13 mice), we found enhanced neuronal migration similar to that of GA-treated mice. This mouse (denoted EAE-rec) exhibited only slight, short-term disease (score 2; at days 24 -26 after induction) and completely recovered by the day of perfusion.
Treatment of EAE mice with GA led not only to enhanced mobilization of neuronal progenitors through the RMS but also to their migration into a region corresponding to the lateral cortical stream (LCS) of neuronal migration naturally found in the developing forebrain (Fig. 6 A) . Hence, DCX ϩ cells appeared to travel from the SVZ caudally in a chain along the corpus callosum and the hippocampo-callosal interface toward various cortical regions, mainly the occipital cortex (Fig. 6C) . We could not trace such mobilization patterns in corresponding sections of EAE mice not treated with GA. Furthermore, in EAEϩGA mice, neuronal progenitors diverged from the classic neuroproliferative zones, as well as the migratory streams, and spread to atypical regions such as the striatum, nucleus accumbens, and cortex (Fig.  7) . The DCX ϩ cells appeared to move away from the RMS in close proximity to YFP-expressing filaments, suggesting their migration along nerve fibers (Fig. 7A) . As seen by their direction and orientation, they migrated away from both the RMS and the SVZ, yet in some mice, most cells extended from the SVZ (Fig. 7B) , whereas in others, the RMS seemed to be their major origin (Fig.  7C) . DCX ϩ cells appeared to reach into the frontal cortex from the RMS (Figs. 6 B, 7D ) and to the occipital cortex from the LCS (Fig. 6C) . They manifested morphological features characteristic of migrating neurons, such as fusiform somata, with a leading and trailing process (O'Rourke et al., 1995) , and their orientation was consistent with migration away from the migratory stream into the internal part of the cortex along nerve fibers (Fig. 7 E, F , layers 5 and 6). We did not detect neuroprogenitors in areas remote from the neuroproliferative zones and the migratory streams such as the cerebellum and the pons.
At an early time point after GA treatment and BrdU injection (1-10 d), neuronal progenitors that migrated away from the RMS manifested BrdU and DCX coexpression as shown in the striatum (Fig. 8 A) and the nucleus accumbens (Fig. 8 B) , indicating that they underwent division concurrently with GA treatment. In some cases, these double-positive cells appeared in small clusters, suggesting local divisions as well. Furthermore, staining with phosphorylated histone H 3 , an endogenous marker of cells in the M phase, indicated that some DCX ϩ cells had proliferated just before perfusion, as seen for the neuroprogenitors accumulated in the nucleus accumbens in Figure 8C .
At later time points (1 month after completion of GA treatment), BrdU ϩ cells coexpressing the neuronal nuclear antigen (NeuN) were found in the striatum (Fig. 8 D, F ) , nucleus accumbens (Fig. 8 E) , and cortex (Fig. 8G , cingulate cortex layer 5), indicating that some neuroprogenitor cells had differentiated further toward a mature neuronal phenotype. In the cortex (Fig.  8 H, I 
Migration to lesion sites
The newly generated neurons seemed to be attracted to damaged regions. Hence, clusters of DCX/BrdU as well as NeuN/BrdUcoexpressing cells were situated in areas with deteriorating YFPexpressing fibers and lesions (Figs. 7B,C, 8A-D) . Furthermore, DCX-expressing cells were found around the margins and inside lesions in the striatum (Fig. 9B,C) , cortex (Fig. 9D,E) , and nucleus accumbens (Fig. 9F) . In EAE mice (not treated by GA), a few DCX ϩ cells surrounding lesions were also observed (Fig. 9A ), but in EAEϩGA mice, the amount of progenitors migrating to the lesions was much higher. The DCX ϩ neuroprogenitors localized into areas extensively occupied with astrocytes expressing GFAP (Fig. 10A-C) , suggesting their migration into gliotic scar areas.
In lesions occupied by DCX ϩ cells (Fig. 9D-F ) , we observed YFP-expressing fibers extending into lesions, suggesting the induction of axonal regeneration, or sprouting, by the neuroprogenitors. To determine whether the newly generated neurons can actually induce a growth-promoting environment, we tested their ability to express BDNF. As shown in Figure 10 , in the nucleolus accumbens ( D, E) and the hippocampus ( F), a substantial proportion of the migrating DCX ϩ cells, in EAEϩGA mice, manifested extensive expression of BDNF.
Discussion
The major finding reported here is that peripheral immunomodulatory treatment of an inflammatory autoimmune neurodegenerative disease induces neuroprotection as well as augmentation of the self-neurogenesis triggered by the pathological process. This results in massive migration of new neurons into injury sites, in brain regions that do not normally undergo neurogenesis, suggesting relevance to the beneficial effect of GA in EAE and MS.
The histopathological manifestations of MOG induced EAE in both C57BL/6 and YFP 2.2 strains were deteriorating fibers, axonal loss, widespread lesions, and nucleus margination, indicative of severe damage (Fig. 2) . Perivascular infiltrations of T-cells (Fig. 2 A) and macrophages (Fig. 3A) were found in close proximity to aberrant regions, consistent with their detrimental role in this disease (Stollg and Jander 1999; Behi et al., 2005) . The protective effect of GA was manifested in prevention of the typical axonal and neuronal damage as evidenced in less deteriorating fibers, reduced amount of lesions with smaller magnitude, and less marginized cell nuclei. An additional prominent effect of GA was the reduction in microglia activation (Fig. 3B ) manifested in all time points (1-30 d after treatment termination) by the various schedules. Microglia function as antigen-presenting cells within the CNS and thereby activate encephalitogenic T-cells and produce inflammatory toxic mediators, although dual function resulting from their capacity to express neurotrophic factors was also demonstrated (Stollg and Jander, 1999) . In the current model, microglia activation was markedly elevated in EAEinflicted mice in various brain regions, and this activation correlated with the amount of neuronal injury. Blockade of microglia activation may thus be a possible modulatory route by which GA prevents neuronal damage.
GA treatment resulted not only in decreased neuronal damage but also in increased neuronal proliferation. The combination of two detection markers allowed us to evaluate both the amount of new neurons generated 10 -14 d before the animal was killed, by the overall expression of the immature neuronal marker DCX (Bayer et al., 1991) , as well as the number of neuroprogenitors emerging during the concurrent BrdU/GA injection period (those that differentiated into the neuronal lineage and thus presented BrdU/DCX dual staining). Both systems gave comparable results as to the effect of the pathological process of EAE and that of GA treatment. Hence, EAE induction triggered increased neuroprogenitor proliferation in the neuroproliferative zones (the SVZ and the SGZ) after disease appearance (Fig. 4 ), in accordance with previous studies demonstrating increased cell proliferation in these zones after injury (Magavi et al., 2000; Picard-Riera et al., 2002; Jin et al., 2003) . Still, this neuroproliferation decreased gradually and subsequently declined below that of naive control mice, indicative of the impairment inflicted by the disease and the failure of self-neurogenesis to compensate for the damage. GA treatment applied by various schedules to EAE mice augmented neuronal proliferation in both the SVZ and the SGZ over that of EAE mice and prolonged its duration. Of special significance is the neuroproliferative consequence of GA treatment initiated in the chronic phase of the disease (delayed suppression), because this phase in EAE/MS is regarded as the stage in which exhausted self-compensating neurogenesis fails and extensive neurodegeneration overcomes (Bjartmar et al., 2003; Hobom et al., 2004) .
Neuroprogenitors originated in the SVZ were mobilized into the route in which they normally migrate in adults, the RMS. This mobilization was increased in EAE mice, and GA augmented it even further (Fig. 6) . The therapeutic relevance of this effect is implied by the enhanced neuronal migration found in the EAE mouse that exhibited slight, short-term disease and spontaneous recovery. Still, in GA-treated mice, neuroprogenitor migration was not confined to the RMS. We found recurrence of the LCS (neuronal migratory route, naturally found in the embryonic forebrain) (Francis et al., 1999) as DCX-expressing cells migrated along the corpus callosum and the hippocampo-callosal interface, toward various cortical regions mainly to the occipital cortex (Fig. 6C) . Furthermore, neuronal progenitors diverged from the classic neuroproliferative zones as well as the migratory streams and spread to adjacent atypical brain regions that do not normally undergo neurogenesis such as the striatum, nucleus accumbens, and cortex (Fig. 7) . In the hippocampus of EAE mice, subsequent to disease appearance and to a greater extent and longer duration in EAEϩGA mice, BrdU and DCX-expressing cells migrated from the SGZ into the adjacent GCL, extending branched dendrites through the inner and outer molecular layers (Fig. 4C) . However, mobilization of SGL-originating cells was probably restricted to the hippocampus, because we found no evidence for migration beyond this region, in accordance with previous studies identifying the SVZ rather than the SGZ as the source of neuroprecursor migration .
At early time points after GA and BrdU injection (1-10 d after their last injection), BrdU ϩ neuroprogenitors expressed the immature neuronal marker DCX, characteristic of migrating and differentiating neurons (Bernier et al., 2002; Brown et al., 2003) , and displayed migratory morphology, fusiform somata with a leading and a trailing process (Fig. 7) (O' Rourke et al., 1995) . It has been doubted whether progenitors retain their ability to proliferate after leaving the neuroproliferative zones (Gould and Gross, 2002; Iwai et al., 2002) . In EAEϩGA mice, we found small clusters of BrdU/DCX-coexpressing cells in the striatum and the nucleus accumbens, suggesting local divisions. Furthermore, staining with phosphorylated histone (an endogenous marker of cells in M phase) indicated that some DCX ϩ cells in these regions had di- vided just before perfusion (Fig. 8) , suggesting in situ proliferation outside the classic neuroproliferative zones. At a later time point (1 month after completion of GA treatment), DCX ϩ cells with branching processes (Figs. 7, 9 ) as well as BrdU ϩ cells expressing the mature neuronal marker NeuN and displaying mature morphology, were observed (Fig. 8) . Arlotta et al., 2003) . GA treatment increased this number by 2.6-fold, indicating substantial elevation of newly generated neurons. BrdU/ NeuN ϩ cells were not found in the cortex of naive mice, confirming that neurogenesis does not normally occur in the adult rodent cortex (Iwai et al., 2002; Arlotta et al., 2003; Jin et al., 2003) . Thus, the following three processes composed of neurogenesis were elevated after GA treatment: cell proliferation, migration, and differentiation Chen et al., 2004) .
These findings establish correlation between GA treatment and generation of neuroprotection and neurogenesis. It is possible that these effects result from suppression of inflammation (the insult initiating the pathological process and thus the subsequent damage), as demonstrated for anti-inflammatory treatment after endotoxin administration (Monje et al., 2003) . The ability of GA to shift cytokine secretion from the Th1 inflammatory to the Th2/3 anti-inflammatory pathway was demonstrated in the periphery of mice and humans (Aharoni et al., 1998; Duda et al., 2000) . Moreover, GA induces specific Th2/3 cells that cross the BBB, accumulate in the CNS (Aharoni et al., 2000 (Aharoni et al., , 2002 , and express, in situ, the anti-inflammatory cytokines IL-10 and TGF-␤ . In this study as well, infiltrating T-cells were found in the brains of EAEϩGA mice, and in contrast to EAE mice, their location was not associated with damage (Fig. 1c) . However, the effect of the GA-induced cells in the CNS goes beyond blockage of inflammation. Hence, IL-10 was shown to modulate glial activation (Ledeboer et al., 2000) , thus its in situ expression may account for the blockade of microglia activation in GA-treated mice (Fig. 3) . As for TGF-␤, its neuroprotective activity has been shown in various species (Dhandapani and Brann, 2003) as well as its ability to induce neuroproliferation and differentiation (Newman et al., 2000; Kawauchi et al., 2004) . Furthermore, GA-specific cells in the brain were shown to express the potent neurotrophic factor BDNF (Aharoni et al., 2003), a key regulator of neuronal survival and neurogen- 
